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ABSTRACT: Kolmogorov-like turbulence is obtained during an intermediate regime of the spon-
taneous relaxation of (time-reversible) spectrally-truncated Euler equations towards absolute equi-
librium. Dissipative effects are estimated near the equilibrium using Monte-Carlo methods and
Fluctuation Dissipation relations. Scaling laws are derived for the wavenumbers at which dissipa-
tion becomes relevant. Possible experimental investigations of this new regime of turbulence, using

visco-elastic materials, are suggested.
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The dynamics of spectrally truncated time reversible
nonlinear equations has already been studied in the par-
ticular cases of 1-D Burgers-Hopf models [1l] and 2-D
quasi-geostrophic flows [2]. A central point in these stud-
ies was the nature of the statistical equilibrium that is
achieved at large times [3] . Several equilibria are a pri-
ori possible because both (truncated) 1-D Burgers-Hopf
and 2-D quasi-geostrophic flow models admit, besides the
energy, a number of additional conserved quantities.

The purpose of the present Letter is to study the dy-
namics of spectrally truncated 3-D incompressible Euler
flows. This problem is of a different nature because (ex-
cept for helicity that identically vanishes for the flows
considered here) there is no known additional conserved
quantity [4] and the equilibrium is thus unique. The cen-
tral problem in truncated 3-D Eulerian dynamics is that
of the mechanism of relaxation toward that equilibrium.

The main result of this Letter is that large-scale Eule-
rian dynamics together with small-scale statistical equili-
bration seem to be enough to generate Kolmogorov scal-
ing at intermediate scales. Note that the short-time (i.e.
spectrally converged) truncated Eulerian dynamics has
been extensively studied |4] in order to obtain numerical
evidence for or against blowup [6] of the original (untrun-
cated) Euler equation.

The three-dimensional incompressible Euler equations
for a fluid of unit density,

v+ (v-V)v = =Vp, (1)
V-v =0, (2)

are solved numerically using standard [d] periodic
pseudo-spectral methods with resolution N. The solu-
tions are dealiased by spectrally truncating the modes
for which at least one wave-vector component exceeds
N/3 (thus a 10243 run is truncated at kyax = 341). This
method amounts to a Galerkin truncation of the original
equations and exactly conserves the energy.

Time marching is done with a second-order leapfrog
finite-difference scheme, even and odd time-steps are pe-
riodically re-coupled using fourth-order Runge-Kutta.

The energy spectrum is defined by averaging v(k’,t)
(the spatial Fourier transform of the solution to Eq. ()
on spherical shells of width Ak =1,

B(k,t) = % >

k—Ak/2< |k |<k+Ak/2

vE P (3)

It is well known [3, I§] that the truncated equations (),
@) admit statistically stationary exact solutions, the so-
called absolute equilibria, with Gaussian distribution f*
and energy spectra E(k) = cte x k2. Furthermore, the
temporal fluctuations around the equilibria are related
to the equilibrium correlation functions by a Fluctuation
Dissipation Theorem (FDT). Indeed, let S(¢) denote the
equilibrium response-functions, defined by
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In this equation, v(0,k) represents an initial velocity
field, v(¢,k) represents the velocity field at time ¢ ob-
tained from ¥(0,k) by the equations of motion and oy
stands for the set of all ¢(0,k) components; Dy is the
usual Lebesgue measure in 9p-space. Let also A(t) denote
the equilibrium correlations, defined by:

)= [ it

The FDT [9, [L0] states that S(t) is proportional, with
constant coefficients, to the time-derivative of A. Conse-
quently, the time-evolutions of S and A are characterized
by the same characteristic time, say 7¢.

To study relaxation toward absolute equilibrium, we
use the so-called Taylor-Green [L1] single-mode initial
data uT¢ = sin(z) cos(y) cos(z), vT¢ = uT%(y, —z, 2),
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wT¢ = 0. Symmetries are employed in a standard way

ﬂﬂ] to reduce memory storage and speed up computa-
tions. Runs were made with N = 256, 512 and 1024.
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FIG. 1: Energy spectra, top: resolution 10243 at t =
(6.5,8,10,14) (o,4,0,%); bottom: resolutions 256° (triangle
A), 512% (cross x) and 1024% (kross +) at t = 8, the dashed
line indicates k2 scaling.

Figure [ displays the time evolution (top) and reso-
lution dependence (bottom) of the energy spectra. It
is apparent that a wavevector kpm;, (such that E(k) >
E(kmin)) spontaneously appears in the flow. The modes
with k& > ki, appear to be in absolute equilibrium (see
the dashed line at the bottom of the figure). Defining the
thermalized (or dissipated) energy Fi, by

Eth(t): Z E(k7t)7 (6)

kmin <k

the time evolutions of ki, and FEy, are presented on
figure Bl It is apparent on the figure that, for all reso-
lutions, ki, decreases and Fyp, increases with time and
that, for all times, ki, increases and Fyp, decreases with
the resolution.

A first hint for Kolmogorov behavior is given by the
energy dissipation rate

£(t) = dEéilz(t) . 1)

Indeed, perhaps one of the main quantitative results of
this paper is the excellent agreement of the energy dissi-
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FIG. 2: Time evolution of kmin (left vertical axis) and Eiy
(right vertical axis) at resolutions 256° (triangle A), 5123
(cross x) and 1024° (cross +).
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FIG. 3: Temporal evolution of, top: energy dissipation ¢;
bottom: k™" inertial range prefactor n at resolutions 256
(triangle A), 512% (cross x) and 1024® (cross +).
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pation rate shown on figure Bl (top) with the correspond-
ing data in the viscous TG flow (see reference [19], figure
7 and reference [], figure 5.12). Both the time for max-
imum energy dissipation t,,4, ~ 8 and the value of the
dissipation rate at that time €(¢y4,) ~ 1.5 10~2 are in



quantitative agreement.

A confirmation for Kolmogorov behavior around ¢4
is displayed on figure B (bottom). The value of the
inertial-range prefactor n, obtained by a low-k least
square fit of the log of the energy spectrum with the
function cte — nlog(k), is close to 5/3 (horizontal dashed
line) when ¢ >~ #,4z-

Assuming Kolmogorov scaling E(k) ~ £2/3k=5/3 in
the k < kpin range and absolute equilibrium E(k) ~
3k?Euw /K2, in the k > kp,;, range, one obtains [10] a
first estimation k,,, for the observed wavenumber k.

2/11
€ 9/11
km ~ (E3/2 ) km/ax . (8)

th

The ratio kpin/km is displayed on figure Bl It is seen
to be reasonably constant on the figure.
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FIG. 4: Time evolution of the ratio kmin/km at resolutions
256° (triangle A), 5123 (cross x) and 1024% (cross +).

However a detailed inspection of figure [l strongly sug-
gests that the inertial-range spectra are not pure power
laws and that some kind of dissipative effects are present.
One may therefore try to relate the observed value of
kmin to the relaxation time 7g, defined as the character-
istic time-scale of the response function (@) around the
high-k absolute equilibrium. The FDT (see text below
Eq. (@) states that 7r = 7¢, where 7¢ is the equilibrium
correlation time. We have therefore estimated the values
of 7¢ by performing (general periodic) Monte-Carlo com-
putations of the (shell averaged) correlation function (H).
The correlation time 7¢ associated to wavenumber k is
found [10] to obey the simple scaling law

C
TC = .
kv By

)

The Monte-Carlo values for the constant C' are displayed
on figure B where it is apparent that C ~ 2.5, pro-
vided that scale separation (k < kmax) holds. This
amounts to replacing the standard Navier-Stokes rela-
tion e(k,t) = vk?E(k,t) by e(k,t) = v|k|E(k,t), where
v = VEw/C and e(k,t) = —0E(k,t)/0t is the dissipa-
tion spectral density.

Assuming that this dissipation takes place in a range
of width akg around kg , we estimate the total dissi-
pation € ~ DkgE(kq)akq. This, together with E(kq) ~
k2Ewm /K2 .. yields the dissipative estimate for kmin

1/4
€ 3/4
kg ~ <E3/2> kols (10)
th

Note that () supposes a pure power law throughout
the inertial range while ([[[) is a dissipative estimate.
They can be consistent with one another only if k,, > kg.
One finds

—3/44
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km/ka ~ (T/z) Kol - (11)
iy

Resolution
16

32
—t 64

FIG. 5: Monte-Carlo estimation of relaxation time around the
absolute equilibrium (see Eq. ([@))

The assumptions thus appear to be consistent in the
limit kmax — 00, provided that E/Eth3/2 does not de-
pend drastically on ky.x. However, because of the lim-
ited range of variation of e, Eip, and kyax it was not
possible to check numerically the exponents of ([[T]).

Besides its dissipative effects, the spectral truncation
mainly acts as a barrier that blocks the flow of energy to
the small scales. Note that it might be possible, using



visco-elastic materials such as wormlike micelles [13], to
experimentally generate such a blocking [14].

In this context, the truncated Euler equations appears
as a minimal model of turbulence. Let us mention that
Kolmogorov scaling has already been observed in non-
viscous systems, in the context of (compressible) low-
temperature superfluid turbulence |17, [16, [17]. This be-
havior has also been reproduced using simple Biot-Savart
vortex methods[18].

Note that spontaneous small-scale equilibration hap-
pening in isolated systems, such as the one studied in
the present Letter, should not be confused with equi-
libration resulting from contact with an external ther-
mostat. Indeed the reversible dynamics of the isolated
system generates spontaneously a (time and initial con-
ditions dependent) temperature.

In summary, we have observed Kolmogorov-like tur-
bulence in truncated Eulerian dynamics. Scaling laws
have been obtained for the dissipative effects that sponta-
neously appear in this time-reversible system. However,
it remains an open problem whether experiments using
visco-elastic materials and/or higher resolution runs will
confirm these laws.

Acknowledgments

We acknowledge constructive discussions with U.
Frisch and Y. Pomeau. The computations were car-
ried out on the NEC-SX5 computer of the Institut du
Développement et des Ressources en Informatique Scien-
tifique (IDRIS) of the Centre National pour la Recherche
Scientifique (CNRS).

[1] A.J. Majda and I. Timofeyev. Remarkable statistical be-
havior for truncated burgers-hopf dynamics. Proc. Natl.
Acad. Sci., 97:12413-12417, 2000.

[2] A.J. Majda and R. Abramov. Statistically relevant con-
served quantities for truncated quasi-geostrophic flow.
Proc. Natl. Acad. Sci., 100:3841-3846, 2003.

[3] S.A. Orszag. Statistical Theory of Turbulence. in, Les
Houches 1973: Fluid dynamics, R. Balian and J.L. Peube
eds. Gordon and Breach, New York, 1977.

[4] U. Frisch. Turbulence, the legacy of A. N. Kolmogorov.
Cambridge Univ. Press, Cambridge, 1995.

[5] C. Cichowlas and M.E. Brachet. Evolution of complex
singularities in kida-pelz and taylor-green inviscid flows.
Fluid Dyn. Res. (in press), 2004.

[6] U. Frisch, T. Matsumoto, and J. Bec. Singularities of
euler flow? not out of the blue! J. Stat. Phys., 113(5-
6):761,781, 2003.

[7] D. Gottlieb and S. A. Orszag. Numerical Analysis of
Spectral Methods. SIAM, Philadelphia, 1977.

[8] R.H. Kraichnan. Helical turbulence and absolute equi-
librium. J. Fluid Mech., 59:745-752, 1973.

[9] R.H. Kraichnan. Classical fluctuation-relaxation theo-
rem. Phys. Rev., 113(5):1181,1182, 1959.

[10] C. Cichowlas, P. Bonaiti, F. Debbash, and M.E. Brachet.
Kolmogorov scaling and thermal relaxation in spectrally-
truncated incompressible euler equations. (In prepara-
tion), 2004.

[11] G. I. Taylor and A. E. Green. Mechanism of the pro-
duction of small eddies from large ones. Proc. Roy. Soc.
Lond. A, 158:499-521, 1937.

[12] M. E. Brachet, D. I. Meiron, S. A. Orszag, B. G. Nickel,
R. H. Morf, and U. Frisch. Small-scale structure of the
taylor—green vortex. J. Fluid Mech., 130:411-452, 1983.

[13] M. E. Cates and S. J. Candau. Statics and dynamics of
worm-like surfactant micelles. J. Phys.: Condens. Mat-
ter, 2(33):6869-6892, 1990.

[14] D. Bonn. (Private communication), 2004.

[15] C. Nore, M. Abid, and M. E. Brachet. Kolmogorov tur-
bulence in low-temperature superflows. Phys. Rev. Lett.,
78(20):3896-3899, 1997.

[16] C. Nore, M. Abid, and M. Brachet. Decaying kol-
mogorov turbulence in a model of superflow. Phys. Flu-
ids, 9(9):2644, 1997.

[17] M. Abid, M. Brachet, J. Maurer, C. Nore, and P. Tabel-
ing. Experimental and numerical investigations of low—
temperature superfluid turbulence. Fur. J. Mech. B Flu-
ids, 17(4):665-675, 1998.

[18] T. Araki, M. Tsubota, and S. K. Nemirovskii. Energy
spectrum of superfluid turbulence with no normal-fluid
component. Phys. Rev. Lett., 89(14):1-4, 2002.



